OBJECTIVE: Body mass index (BMI) was determined in a population of school students from three provinces of central Italy. Fasting serum leptin concentrations were assayed in a large number of subjects from the same area, to determine their distribution as plotted against the standard deviation score (z-score) of BMI. DESIGN, SUBJECTS AND MEASUREMENTS: Height and weight were recorded from 31 170 subjects (16 175 male and 14 995 female), aged 3 ± 18 y, to construct BMI charts of children and adolescents from central Italy. Percentiles and zscore were calculated using the LMS method of Cole. Serum leptin concentrations were assayed in 1929 subjects (996 male and 933 female) after overnight fasting. RESULTS: BMI percentiles of central Italy were higher than those from standards of other European and USA populations. When plotted against the z-score of BMI, serum leptin values were distributed according to an exponential curve, showing a steep pattern and a wide distribution, as BMI values increased. The hypothesis of the existence of two subgroups, based on a different relation between leptin and BMI, was veri®ed and a separation point between the two subgroups was identi®ed using cluster analysis, discriminant analysis and a novel method developed by our group, hereafter referred to as`regression clustering'. This method allows identi®cation of the value of the independent variable (z-score of BMI) which can be taken as a separation point. This analysis provided the best results and indicated the following separation points: central Italy standard, z-score 0.72 (76.4 th percentile) for males and z-score 0.69 (75.5 th percentile) for females; French standard (the one suggested for a European population by the European Childhood Obesity Group, ECOG), z-score 1.46 (92.8 th percentile) for males and z-score 1.96 (97.5 th percentile) for females. Similar but variable results were obtained when the same analysis was performed on serum leptin concentration, subdivided according to pubertal development (stage I, stage II ± III, stage IV ± V). CONCLUSIONS: Children and adolescents from central Italy had greater BMI percentiles when compared to other European populations. Fasting serum leptin concentrations showed a distribution pattern related to z-score, thus allowing to identi®cation of two different subgroups. The z-scores of BMI, identi®ed as separation points, indicated a trend to leptin production by adipocytes that could be taken as indicators of signi®cant increases of fat mass. This study proposes criteria and a statistical approach that could be useful in the identi®cation of BMI cut-off values when screening children and adolescents for overweight.
Introduction
Weight excess and obesity may be the cause of signi®cant physical, metabolic, and psychological complications in children and adolescents. 1, 2 Moreover, obesity in childhood is a predictor of obesity in later life 3 ± 5 and is also related to an increase of morbidity and mortality in adulthood. 6, 7 The de®ni-tion of obesity in children and adolescents is still a matter of contradiction. Anthropometric measurements are preferred for routine and screening investigations, as relative weight-for-height andaor age are more reliable and reproducible than other means of evaluating body fat. Among the weight-forheight indices, Quetelet's index (weightaheight pressure, plasma triglycerides and cholesterol). 9, 10 Therefore, BMI is a valid parameter for the selection and evaluation of overweight and obese subjects. 11 Age-dependent reference data for BMI are necessary for children, as changes in body composition occur during growth. Numerous BMI standards have been published showing differences in relation to single populations. 9,12 ± 19 For this reason, national reference charts, speci®c for ethnic characteristics and geographic areas, are needed. Age-and genderspeci®c BMI percentiles, to de®ne normal and overweight subjects for epidemiological or screening purposes, are discordant.
The obesity gene (ob) encodes a protein produced by adipose cells (leptin) , that controls the nutritional status by reducing appetite. 20, 21 Mutations of the leptin receptor gene are rare in human obesity. 22 An increased expression of the ob gene in adipocytes and in serum leptin concentrations for obese subjects has been reported. 23 ± 28 Leptin correlates positively with BMI or fat mass and may be a valid index of adiposity. 28, 29 The aim of this study was to confront the distribution of serum leptin concentrations with BMI to distinguish normal weight subjects from overweight subjects in terms of percentiles and z-score of BMI. Cross sectional BMI reference curves were obtained from a school population-based epidemiological survey on growth of children in three provinces of central Italy. Fasting serum leptin concentrations were determined in a large number of subjects from the same geographical area and their relationship to BMI (z-score) was evaluated using a new method for statistical analysis. The analysis was also performed using z-score values of BMI for a French population, 15 which is considered a valid reference for a European population, as determined by the European Childhood Obesity Group (ECOG). 30 
Subjects and methods
From 1993 ± 1997, the height and weight of a total of 31 170 (16 175 males and 14 995 females) school-aged subjects, aged 3 ± 18 y, were recorded. These subjects participated in an extensive research project on growth of school children in three provinces of central Italy (Perugia, Terni, Rieti). The sample size was large enough to provide reliable information on the study population (school children and adolescents) in the three provinces. Based on the information provided by the Directors of Education, 99% of school subjects leave the middle school to continue in higher education in the 5-year upper school. The drop-out rate is`1%. More than 98% of the children aged 3 ± 6 y attend nursery school. Therefore, the sample we examined may be considered as suitable for information, even on the population aged 3 ± 6 y and 14 ± 18 y. Measurements were taken during school hours by expert anthropometrists, using the appropriate equipment (Harpenden portable stadiometer, British Indicators Ltd., London and electronic scale, Salus, Milan). Height was recorded at the last completed mm; children were measured bare foot, their heads placed on a Frankfurt plane and a gentle upward pressure was applied under the mastoid process. Data were collected in the morning from children wearing clothes, but no shoes or heavy garments. Actual weight values were estimated by a formula derived from preliminary observations performed on groups of b 100 subjects, whose weight had been determined with and without garments, during the different seasons of the year. When such adjustments were taken in account, including the approximate amount of food for the morning snack, our error was`200 g. Comparisons were made by the same anthropometrist on groups of children, who were removed and repositioned for successive measurements, and also among the anthropometrists for the use of the several instruments (using the data taken by a Harpenden stadiometer as standard, British Indicators Ltd., London). The average error for the height was 3 AE 1.5 mm.
Serum leptin concentrations were assayed in 1929 subjects (996 males and 933 females), aged 5 ± 18 y. Some of the so subjects were from the populationbased growth survey for school children in central Italy, who had participated in a program of diagnostic evaluation and therapeutical approach for obesity, as reported elsewhere. 28, 31 The remaining subjects came from the same area as the school subjects and had been admitted to the Pediatric Clinic of the Hospital of Terni, to the Pediatric Clinic of the Hospital of Perugia, or to the Pediatric Department of the Hospital of Rieti, for minor diseases. The criteria of selection were designed to exclude acute or in¯ammatory pathologies and diseases that could affect nutritional status (with the exception of simple obesity), growth or pubertal development. Subjects were requested to maintain their usual diet 8 ± 10 d before testing. Height was measured using the method described above and weight measurements were taken with subjects wearing underclothing. The pubertal age was evaluated according to Tanner and Whitehouse. 32 Blood samples were collected during routine analysis after overnight fasting. Sera were separated and stored at 7 30 C until determination of leptin. In obese subjects, serum leptin concentrations were evaluated before nutritional or therapeutic intervention.
Informed consent was obtained from the parents of the children included in this study. The study was carried out in collaboration with the Directors of Education of the three provinces and approved by the Ethics Committee of the Region of Umbria.
Methods
Serum leptin concentrations were measured by radioimmunoassay (RIA) 27 using a commercial kit (Linco Research Inc., St Charles, MO). The inter-and intraassay coef®cients of variation (CV) were 6.8%.
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Statistical analysis
In a population, the distribution of BMI is generally age-dependent and tends to be positively skewed, thus the z-score and the percentiles cannot be appropriately derived from mean and s.d. values. BMI values of the various percentiles were obtained for each group according to age and gender, using the LMS method of Cole. 33, 34 This summarizes the distribution of BMI at each age by its median (M), coef®cient of variation (S) and the Box-Cox power (L) required to transform the data to a standard normal distribution (Gaussian with mean 0 and standard deviation 1). With this model the various centiles can be calculated as:
where za is the appropriate normal equivalent deviate. Conversion of BMI values to an exact z-score can be calculated as follows:
Percentile calculations, the fourth degree polynomial smoothing of L, M, and S curves, and KolmogorovSmirnov test, for assessment of the normal distribution of data, were performed using Statgraphics software (Graphic Software System, Inc., Rockville, MD). Among the methods available for classi®cation, we have used those most widely known, cluster analysis, discriminant analysis and a new technique largely developed by one of the authors (GG),`regression clustering'. Using the latter method, the value of the independent variable (that is the z-score of BMI), which splits a population such that the total sum of squares of the residuals of the regression models, built on the two subsets, is a minimum, was assumed as a separation point. This approach, based on the properties of the least squares, can be used without restrictions, but bearing in mind that the relationship between the variables in each subpopulation is assumed to be linear. The analysis, as for most of the classi®cation methods, yields descriptive information; however, under the more restrictive hypothesis generally assumed for the linear models, allows the use of all the statistics and tests typical of regression analysis. The regression clustering method can be easily de®ned in the following way:
let P denote the set of n observed values (x,y) and let P 1 and P 2 denote two subsets so that
Now, assume that the values of x are ordered so that
and, for some value of s such that minx`s`maxx let P 1 be the set of all the pairs (x i , y i ) such that x i s and P 2 the set of all the pairs (x j , y j ) such that x j b s. Denoting with:
where e is the error term, the regression models estimated on the subsets P 1 and P 2 , we de®ne optimal partition P P 1 P 2 the one which, as s varies, veri®es the following condition:
To determine the value of s which minimizes the previous expression, it is necessary to increase its value and, step by step, to estimate the four parameters a 1 , b 1 , a 2 , b 2 , and then compute the residuals. The analysis was conducted using the z-score values of BMI from the school population of central Italy as a reference and the reference data of a French population. 15 The level of signi®cance in all the statistical comparisons was set at P`0.05.
S-Plus software (Statistical Science, Seattle, WA) was used for cluster analysis and discriminant analysis. For regression clustering analysis, a program for Xlisp-Stat (L. Tierney, University of Minnesota, 1990) has been employed for all computations as well as residual analysis for diagnostic purposes.
Results
The BMI percentiles for males and females, aged 3 ± 18 y, subdivided according to age by six-month intervals, and L, M and S values to calculate the z-score of BMI, are reported in Table 1 and Table 2 , respectively. Comparisons were made between the BMI percentiles of this study and those of reference charts from English, 12 North American, 13 French, 15 Scottish, 16 Swedish 17 and north-eastern Italian populations 19 ( Figure 1 and Figure 2 ). The BMI values of the population from central Italy tended to be the lowest in subjects aged 3 ± 4 y, with an early rebound and were greatest during growth, as compared to those of other populations. However, their percentiles tended to reconcile with the standards of other populations at the end of the age taken into consideration. A reduction of BMI values, more evident in the upper percentiles, was observed in females aged 13 ± 18 y, but not in males.
Age and BMI values (z-score) in subjects undergoing evaluation of serum leptin concentrations are reported in Table 3 . The distribution of fasting serum leptin values in both genders plotted against the zscore of BMI, according to the charts from central Italy, is reported in Figure 3 . It is interesting to note BMI in children and adolescents evaluated according to serum leptin levels A Falorni et al that this pattern of distribution and the one based on the standard of the French population 22 are similar. Differences were observed regarding gender, serum leptin being higher in females than in males (P`0.001). Serum leptin concentrations of both genders were comprised in a rather narrow range when related to the lowest z-score of BMI. Nevertheless, when BMI values increased, serum leptin tended to increase rapidly with a wider dispersion (higher variance), with the appearance of even very high serum concentrations, according to an exponential-type distribution. The scatterplot of log-leptin vs BMI z-score values showed a more regular pattern, although not linear yet. In fact, on ®tting data with a parabolic curve, all coef®cients were signi®cantly different from zero (P`0.05), either for the whole group or for the subsets selected according to pubertal stages. We also observed that the second degree relationship was no longer con®rmed when data were split according to BMI values (low or high). The phenomenon could be best explained by a linear link between the variables, which changes when BMI assumes higher values. The regression clustering method was developed to apply this concept to better interpret the behaviour of the data. Our investigation has also shown that, under the hypothesis of a linear relationship and using the regression clustering method, the plot of residuals vs ®tted log-leptin values has never revealed any pattern consistent with the hypothesis of the existence of nonlinear components. The regression clustering method, as with other methods of classi®cation, is based on the assumption of the existence of different subgroups and it automatically gives a separation point, that is the BMI z-score value which splits data into two subsets. In any case, the analysis has also been carried out using the canonical classi®cation methods (cluster and discriminant analysis). While cluster analysis appeared not to be suf®ciently informative, interesting results were obtained with the other two methods. Using`regression clustering', both leptin and logleptin values were taken into account. It should be noted that the residuals of the regression models for log-leptin supported the normal distribution hypothesis allowing for an inferential approach to assess the signi®cance of the estimated parameters. Moreover, the analysis showed that the separation values obtained using the original values and their logarithmic transformations coincided perfectly. Table 4 reports z-scores of BMI and relative percentiles, calculated using the three types of statistical analysis, that represent the separation points between the two subpopulations. The standard of central Italy, of the present study and of the French population, 15 were used as a reference.
In the three types of analysis, the results demonstrated that z-score values separating the two subpopulations were slightly different; however the separation points obtained by discriminant analysis and`regression clustering' were similar. With speci®c reference to the analysis employing serum leptin logvalues, it was possible to test the null hypothesis of equal regression parameters in the two subgroups. The results showed different slopes (P`0.001) in all groups and different intercepts (P`0.01) only in groups employing the French standard, implying that the associative link between BMI and leptin was qualitatively different in the two subpopulations. The separation points were different either for gender or for reference data from central Italy and France (higher for the French standard).
Leptin distributions by gender and pubertal stage (stage I, stage II ± III, stage IV ± V) are reported in Figure 4 . In stage I, signi®cantly (P`0.02) different slopes in both genders were observed when employing the central Italy standard; the intercept in males (P`0.02) and the slope in females (P`0.05) were signi®cantly different when the French standard was used. In stage II ± III only the intercept in males appeared to be signi®cantly different (P`0.05), when using the central Italy standard. In pubertal stage IV ± V, we preferred to indicate a range of possible values, considering it dif®cult to identify a unique separation point. The values of BMI (z-scores and percentiles) detected as separation points in the various pubertal stages are reported in Table 5 . BMI in children and adolescents evaluated according to serum leptin levels A Falorni et al
Discussion
The trend of the percentiles calculated for BMI in this study was similar to that reported in other studies and showed a progressive increase in relation to age. In the present study, only subjects b 3 y were examined.
However, a temporary¯exion was evident between the ages of 3 ± 4 y, followed by a`rebound' that was earlier than that of other studies. This ®nding is considered as an index of a greater tendency to develop obesity in the following years or in adulthood. 35 Our data were cross-sectional and did not provide ideal information, but in this context, it may BMI in children and adolescents evaluated according to serum leptin levels A Falorni et al 15, 19, 36 This study con®rms that differences exist among BMI reference curves of different populations. The application of BMI standards for international use is still an unresolved problem. 14, 37, 38 ECOG suggested the use of percentiles from the reference charts of the French population 15 as a standard for European children and adolescents. 30, 39 No agreement has been reached on the use of age-and gender-speci®c percentiles of BMI cut-off values for routine screening of overweight children and adolescents. 12 ± 14, 40 ECOG 39 de®nes obese children as those with a BMI over the age-and gender-speci®c 90 th percentile of the reference charts of Rolland-Cachera et al. 15 The various proposed cut-off values are somewhat arbitrary in BMI in children and adolescents evaluated according to serum leptin levels A Falorni et al children and adolescents. 39, 40 Additional information is required, that may derive from a correlation of BMI with other parameters of fatness or with other obesityassociated clinical, endocrinological, or metabolic parameters, such as blood pressure, insulinaemia and blood lipids. 30 Leptin is a hormone secreted almost exclusively by adipose cells and is a signal of fat mass for the central nervous system. The increase of serum leptin concentrations in obese subjects is related to a greater leptin production per unit of body fat, while its clearance appears not to be modi®ed in obesity. 41 Consequently, serum leptin values, when plotted against parameters of fatness, show an upward distribution in obese subjects. 23 ± 29 Fasting serum leptin concentrations of a large number of children and adolescents, when plotted against the z-scores of BMI (Figure 3) , were con®ned to a relatively narrow range, if related to the lowest zscores of BMI. However, a sudden and much wider distribution of serum leptin concentrations, together with the appearance of remarkably higher levels, could be observed in relation to the increase in BMI.
Statistical analysis allowed the subjects to be split into two groups (two subpopulations) for both genders and to identify a z-score of BMI taken as a separation point. Three different methods of classi®cation were employed (cluster analysis, discriminant analysis and regression clustering'), all of which gave comparable results. Different from the other methods of classi®ca-tion,`regression clustering' provided additional information to support our hypotheses. The regression lines of the two subpopulations had either intercepts or slopes that were signi®cantly different. Moreover, the analyses performed on the absolute values and log transformations identi®ed the same separation point as further evidence for the existence of two subpopulations in which the associative link was different.
The z-scores and relative percentiles of BMI reported in Table 4 may indicate a trend toward a variation of the mechanism regulating the production of leptin by adipocytes. We elaborated the same data using the reference charts of central Italy and of French children and adolescents. 15 The differences between the results of the analyses, in relation to the two different charts, could be ascribed to a greater level of adiposity in children and adolescents from central Italy, as shown in this study. For several reasons, caution should be used in drawing conclusions from this study, regarding possible BMI cut-off values, by using only the indications provided by serum leptin concentrations of this report. The subjects whose serum leptin values were assayed in the present study came from the same area as the population examined for the reference charts of BMI. Although the distribution of their nutritional status was not representative of the original population, the relationship between leptin and BMI values was not in¯uenced by the method used for sampling data. Moreover, the percentage of subjects with high BMIs was remarkable in children and adolescents selected for the serum leptin assay. It is unlikely that, in subjects showing the lowest z-score of BMI, serum leptin concentrations can be higher than those in this study. As a consequence, it is likely to identify BMI values of subjects with a very low probability of obesity, below the z-score values, taken as a separation point. In contrast, one may envision that above such z-scores, BMI values are those of subjects among which obesity is likely to develop and to increase in frequency in parallel with BMI.
Cautionary notes are also suggested by the inability of BMI to provide information on body composition and the real percentage of fat mass. This may explain, at least in part, the overlapping in leptin values between the two subpopulations de®ned by the statistical analysis of this study. Furthermore, serum leptin values are seemingly affected by several factors such as fasting, quantity and quality of food intake, gender, pubertal development, insulin, corticosteroids and activity of the sympathetic nervous system. 28,42 ± 45 In addition, relatively lower leptin values can be found as a function of fat mass percentage among obese subjects. However, the resulting changes appear to be minor when compared to those related to fat mass changes 23, 29 and do not appear to affect serum leptin values signi®cantly as an index of fat mass. As differences in leptin production and concentration in serum were also reported as a function of the stage of pubertal development, 26 ± 29 we plotted the serum leptin values against the z-score of BMI after subdivision according to pubertal development. A pattern of distribution similar to that described in total subjects was observed in the various subgroups subdivided according to gender and pubertal stage. Differences existed among the various separation points. From the statistical point of view, the best and most signi®cant results were obtained in prepubertal subjects. The differences between the regression parameters were also signi®cant in males at stage II ± III when the central Italy standard was used. Furthermore, in older subjects (stage IV ± V) of both genders, it was dif®cult to detect a separation point and we preferred to indicate a range of possible values. The dif®culties encountered in applying our statistical method to pubertal subjects could be, in part, a consequence of the variations of the relationship between leptin and BMI during sexual development. However, we believe that the discrepancies in age-related BMI evaluated during puberty are of utmost importance. Our study provides additional evidence that caution is necessary when using BMI values in adolescence. 38, 46, 47 
Conclusion
Our study provides information to construct percentiles and relative values for L, M, and S of BMI in the school population of central Italy. Furthermore, this BMI in children and adolescents evaluated according to serum leptin levels A Falorni et al study con®rms variability among data from different nations or even from different areas of the same country. The subjects from the three provinces of central Italy examined in this study revealed an adiposity status that tends to rank among the highest in Europe during growth. The present study proposes a methodological and statistical approach for establishing BMI cut-off values apt to select overweight or obese subjects based on fasting serum leptin values. BMI values (z-scores and percentiles) have been identi®ed above which serum leptin concentrations peculiar to obese subjects are present and below which obesity is unlikely to occur.
Whether the z-scores of BMI (as identi®ed by our approach) may suitably represent separation points between subpopulations with varying degrees of adiposity, should be con®rmed by additional studies analysing additional parameters, such as those resulting from the use of proper methodologies to determine body composition.
